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4-(Dimethylamino)-4cyano-1,4-diphenylbutadiene (DCB) and 4-(dimethylamino)-2,6-dimethgyno-1,4-
diphenylbutadiene (DMDCB) have been characterized spectroscopically. Quantum chemical calculations were
performed for comparison. Solvatochromic shifts of the fluorescence were strong and showed a linear
dependence on the solvent polarity parameters, whereas shifts in the absorption spectra are very weak only
correlate better with the polarizability of the solvents. Excited state dipole moments derived from fluorescence
using the Onsager model are very large and similar for both compounds. It is concluded that a strongly
allowed and highly dipolarr, 7* state is the lowest excited state in polar solvents. The strong difference in
absorption and fluorescence solvatochromic slopes suggests that the simple Onsager model with a point dipole
approximation is not sufficient here.

1. Introduction SCHEME 1: Mechanistic Scheme for the Photophysical

] ) ] and Photochemical Deactivation of the Excited State of
The photophysical and solvatochromic properties of push  stilbenoids

pull stilbenes, i.e., stilbenes substituted with a donor and an

acceptor group in conjugated positions, have attractelef alad FC>k P

recent interest. 14 In view of their structure similar to typical \ E*/;veakly polar
fluorescent probes and imaging d¥fessed in cellular calcium highly polar nonrad. decay
sensing and dyes used in the visualization of membrane nerve

potentialst® it is of interest to get a deeper understanding of abs. fluo.
the underlying photophysical mechanisms. Several steps in this
direction have been reviewed recenrifly8and we want to focus
here on the case of diphenylbutadienes. S
. . . 0

The parent compounttansstilbene is well-known for its
adiabatic photoreaction leading to the ground state by population _* The possible population of an A* state has been disproved for the
of the so-called “phantom-singlet” state P* reachable by double- OMPounds studied here; see the Introduction.
bond twisting. This twisted conformation corresponds to a
maximum on the ground state surface to which it is strongly
coupled in this region of phase-space (possibly by a conical
intersection?1° and this twisting pathway thus provides an
effective ultrafast deactivation funn®?2! In push—pull stil-
benes, an additional photochemical pathway is open in principle
which involves the twisting of one of the single bonds adjacent
to the central double bond and leads to a relaxed intramolecular
charge transfer excited state A*, which is characterized by a
very high dipole moment, even larger than that of the relaxed
planar state E*, which has also a high dipole moment for push
pull stilbenes*®89 The dipole moment of the P* state (see
Scheme 1), on the other hand, is expected to be small in-push
pull stilbenes but large in the parent stilbééStrong evidence
for a decisive role of the single bond twisting comes from the
study of bridged model compounds of dimethylamino-cyano-
stilbene (DCS}:514 However, it remains unclear whether the
relaxed A* state has a twisted intramolecular charge transfer

(TICT)?2 nature because there is no significant reduction of the
radiative rate K) with A* formation*® whereas a reduction of
ki is typically observed for the involvement of a TICT state.
Also for dimethylamino-nitro-stilbene (DNS) and other deriva-
tives with electron donating and electron accepting substituents
'the quantum yields of fluorescence, internal conversion and
intersystem crossing are sensitive functions of solvent pofari§.
Not only the exit from the §energy surface but also the
character of the primary excited state depends on the solvent.
When the polarity is increased, the first absorption band and
especially the fluorescence spectrum of DNS are red shtfted
resulting in an increased Stokes shift. The latter effect suggests
a large increase of the dipole moment from the ground state to
the excited state. In solvatochromic dipole determination it is
often assumed that the excited state dipole moment is indepen-
dent of the solvent polarity and identical for the Fran€ondon
(FC) and the relaxed excited stdfeHowever, in DNS the
situation is clearly more complicated. Instead of a monotonic
. - red shift of the absorption band with increasing solvent polarity,
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CHART 1: Structures of the Molecules Investigated FC excited states were calculated for fixed ground state
geometries as indicated using extensive configuration interaction,
N=C Q ClI (ca. 400 singly, doubly and higher excited configurations).
\ The relaxed $state was calculated by full geometry optimiza-
tion including the same CI.

To check the reliability of the AM1 method, we compared
our calculation on DCS using the AM1 method to a more
sophisticated computation (ab initio CASSCF method) as
given in ref33 Both methods yield consistent results re-
garding ground and excited state dipole moments and oscillator
strength. Also, the excitation energy tq, 8.27 eV with the
AM1 method and 3.51 eV with the ab initio calculation
(including MRMP2 correctiorif is close to the experimental
value (3.35 eV).
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We have recently studied the possible involvement of a TICT 3. Results
state for the case of dimethylamino-cyano-diphenylbutadiene
(DCB) by comparing the photophysical properties of this
compound with those of a twisted model compound, the
sterically hindered dimethylated derivative DMDCB (see Chart
1). There was no evidence for the involvement of a TICT (A*)
state for this pair of compound&The main focus of the present
paper is on the solvatochromic comparison of these two
compounds. The strongly different solvatochromic slopes for
absorption and fluorescence are not compatible with the usua
assumption of the same state for absorption and emission or

with the validity of a point dipole in a solvent continuum
Onsager moder

3.1. Absorption and Emission Solvatochromy.Figure 1
shows room temperature absorption and fluorescence spectra
of DCB and DMDCB, respectively in solvents of different
polarity. The absorption maxima show only a very slight red
shift with increasing solvent polarity, normally interpreted as
indicating that the ground state and the FC excited state have
similar dipole moments, whereas the fluorescence spectra show
|a strong solvatochromic red shift indicative of a very high
excited state dipole moment as compared to that of the FC
ground state. The detailed absorption and emission maxima as
well as Stokes shifts and half bandwidths are collected in Table
1. The details of quantum yield, lifetime, radiative decay and
nonradiative decay values can be found in ref. 28.

2. Experimental Section 3.2 Excited State Dipole Moments.The solvent-induced
spectral shifts in absorption are close to zero, except for the
2.1. Materials. The preparation and chemical identifi- solvents THF, 1-chlorobutane, dichloromethane, 1,2-dichloro-
cation of the donoracceptor 1,4-diphenylbutadienes, DCB  ethane, chlorobenzene, tetrachloromethane and pyridine, which
and DMDCB, was done according to known literatéfte.  deviate from the other solvents due to their higher refractive
The solvents for the spectroscopic measurementbexane,  indices. According to the solvatochromic equations of Liptay

dipentyl ether (POP), diethyl ether (EOE), dibutyl ether (BOB), (eqgs 1 and 2), the solvatochromic absorption can be calculated
tetrahydrofuran (THF), ethanol (EtOH), acetonitrile (ACN),

1-chlorobutane, dichlorobutane, tetrachloromethane, and pyri-a =30 _
dine were Uvasol grade from Merck and 1,2-dichloroethane and "2 "abs
chlorobenzene were of spectroscopic grade from Aldrichand _1 2 WS — 1) e—1 + 1 rc_ )2n2 -1 1)
were tested before use. The solutions were prepared to opticaldre, hc;ga:".#g e “Hd ey QM Y242
densities of 0.090.10 for steady state. The solutions of DCB
and DMDCB were prepared under red light a care was taken Yoy = f/gu —
to verify that photochemistry during the experiments was - 5
negligible. Neither absorption nor fluorescence spectra were L1 2 (u,— 19 €e-1 1 rc_ )2n _ i‘] )
U\t — U e M

affected during the measurement. Arey hcxon3, 972 +2 2 ¥ n?+

2.2. SpectroscopyAbsorption spectra were recorded on an
AT1 Unicam spectrometer UV4, and the steady state fluores- according to eq 3, where the slope is proportiona&g@cgc -
cence spectra were recorded with a SLM Aminco-Bowman AB2 ug), with ug being the dipole moment of the ground stz;u@c,
spectrofluorometer. The fluorescence excitation and emissionthat of the FC state reached in absorption afdhe polarity
spectra were corrected for instrumental sensitivity. The emission parameter used by Lipp€it.For a zero solvatochromic slope
correction curves were created using a calibrated tungsten lamp
from SLM instruments, and the excitation correction curves were
created using the excitation spectrum of a quantum counter
solution of Basic Blue 3!

2.3. Quantum Chemical Calculations All quantum chemi- Af=[(e — 1)/(2 + 1)] — [(n* — 1)/(2n*+ 1)]
cal calculations were performed using the AM1 method within
the AMPAC program packag®.Full geometry optimization of a dipolar molecule, the ground and FC excited state dipole
for the ground state structure of the species under consideratiormoments must be roughly equal and can therefore be ap-
was performed. For twisted geometries, the corresponding proximated by the dipole moments obtained in the ground state
dihedral angle was fixed, and all the remaining variables were calculations, i.e., ca. 6.2 D for DCB, and ca. 5.6 D for DMDCB
fully optimized. (Table 2).

Vaps= ~ 4\7%60#9(/426 — u)Af+constant  (3)
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Figure 1. Normalized absorption and fluorescence spectra of (A) DCB and (B) DMDCB in solvents of different polarity. The abbreviations for
the solvents are given in the materials section.
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Figure 2. Absorption ¢-+) and fluorescence maxima-f ¥ or DCB (@) and DMDCB () versusAf (open symbols) andf’ (filled symbols)
in different solvents.

The excited state dipole moments of DCB and DMDCB of the solvent depending on the dielectric constanand
are quantified in Figure 2 by a solvatochromic plot of the refractive indexn of the solvent.
fluorescence according to the Mataga equation (€4 where As can be seen in Figure 2, the value$gfdecrease linearly
1 2 o with in_crgasing_ solvent_ pc_)larit)Af’ and a good regression
Vg = — e ——u(ue — ug )Af' +constant  (4)  analysis is obtained. This figure also shows that the slope does
o hoo not depend on which of the two solvent polarity parameters is
used in the analysig\f or Af".
Table 2 presents the excited state dipole moments as obtained
4FC and e are the dipole moments of the molecule in the FC from the absorption and emission solvatochromic slopes and

ground and the relaxed excited states, respectively, and wheré/Sing the calculatediy values as obtained from the AM1

Af"=[(e — 1)/(2¢ + 1)] — 0.5[(n*— 1)/(2n° + 1)]

h is the Planck’s constant ardis the speed of light ane is semiempirical calculations.

the permittivity of the vacuumby, is the fluorescence band The absorption and fluorescence results for the determination
maximum expressed in cth The Onsager cavity radiushas of the excited state dipole moment disagree strongly. Although
been approximated, following Lippert’'s sugges#ofor non- the fluorescence solvatochromy leads to a large excited state

spherical molecules, as 40% of the longest axis of the dipole moment (around 19 D), the vanishing absorption solva-
compoundAf’ is Mataga’s polarity-polarizability parametér tochromy points to a relatively small dipole moment of the FC
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TABLE 1: Spectral Characteristics of DCB and DMDCB in Solvents of Increasing Polarity As Characterized by Their
Dielectric Constant e and Refractive Index n

compound solvent € n Aa (nm) A (nmM) AVstokes(Cm™1)2 Fwhm (cnr?)
DCB n-hexane 1.88 1.375 400 440, 460 2273, 3261 3162
BOB 3.08 1.399 402 488 4384 3268
EOE 4.34 1.352 400 509 5354 3227
THF 7.58 1.405 408 545 6160 3296
EtOH 24.3 1.361 402 580 7635 3376
ACN 375 1.344 402 589 7898 3563
DMDCB n-hexane 1.88 1.375 390 442,471 3017, 4150 3789
BOB 3.08 1.399 392 499 5470 4107
EOE 4.34 1.352 388 527 6798 4008
THF 7.58 1.405 398 566 7458 4184
EtOH 24.3 1.361 392 591 8721 4639
ACN 375 1.344 392 599 8947 4738

a|n case of double maxima, the main one is underlined and used for the solvatochromic plot.

TABLE 2: Solvatochromic Slopes of Fluorescence and Absorption and Derived Dipole Moment Values for Relaxed and Franck
Condon Excited States (Using Egs 3 and 4)

fluorescence slope absorption slope
compound a (A) ug° (D) (cm™Y) (vs Mataga) (cm™Y) (vs Lippert) Ue (D) I (»)
DCB 7.3 6.2 —16271 —573 19.3 7.9
DMDCB 7.3 5.6 —15678 —522 18.7 7.1

2The Onsager cavity radius has been estimated from 40% of the long moleculdraxisiculations were performed using the AM1 method.
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Figure 3. Formalized fluorescence spectra of DCB in the solvent mixtuhexane with dipentyl ether (POP).

excited state (around-8 D). The discrepancy between absorp- seen in hexane and exclude this possibility and point to a true
tion and emission solvatochromy in dor@cceptor substituted  solvatochromic red shift of the fluorescence.
diphenyl butadiene DCB can be compared to the corresponding 3.3. Theoretical Calculations To get additional information
behavior of donoracceptor substituted stilbenes, where a that might help to discuss the discrepancy of absorption and
similar discrepancy has been reportédvarious possible emission solvatochromy, we performed a geometry optimization
explanations for this discrepancy are treated in the discussionof DCB in the excited state. In Table 3, which is discussed in
section. more detail below, we can see that after geometry relaxation,
We performed an additional experiment aimed at investigating the oscillator strength becomes higher, but the dipole moment
a further possible explanation, namely enhancement of theremains the same or even shows some decrease. Excited state
fluorescence solvatochromic slope through a change of thegeometrical relaxation can therefore also be ruled out as being
relative weight of the FC factors with solvent polarity, whereas the source of the strong solvatochromic enhancement in
the individual vibronic bands stay at the same spectral position emission. As expected, the bond lengths were changed by the
instead of exhibiting a continuous red shift. The spectra in mixed relaxation, loosing their regular aromatic structure and favoring
hexane-dipentyl ether solvent (Figure 3) show a clear continu- the quinoid structure and leading to a near-equalization of double
ous red shift of the vibronically structured emission features and single bonds as seen in Figure 4.
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TABLE 3: AM1-CI Calculations for the Electronic
Transitions of DCB at o = 0° for (a) the Relaxed Ground
State and (b) the Relaxed Excited State and (c) Comparison
to a ZINDO/S-CI Calculation for the Relaxed Ground State

state AE (eV) f Cl analysis u (Debye)

(a) Ground State Geometry

S 0 6.84

S 3.39 1.22 72% (5253) 16.9
(exp: 3.1) 12% (5254)

(B) Relaxed (Geometry Optimized) Excited State
S 0 6.84
S 2.90 1.42 84% (5253) 16.1
6% (52-54)
(c) ZINDO/S Calculation for the Ground State Geometry

S 3.55 1.31 96% (5253)
18% (52-54)

18% (51-54)

From these results, the wave function for ground and excited
states can be given by eqgs 5 and 6.

®)
(6)

Weo= ag¥ar T bo¥g
Ws, = aipa + byyg
with a, <a, and b,> b,

The experimental solvatochromic results can be interpreted
in two ways:

Model 1: We assume the validity of the Onsager theory
(solvent reaction field as answer to a point dipole changing from
ground to excited state) and Model 2: We allow for a
breakdown of this assumption.

If we use Model 1, the small solvatochromy in absorption
indicates a similar wave function foro%nd $°, (Wrex ~
W) because of the low dipole moment in both cases. But the
fluorescence solvatochromy indicates a strong change of the
wave function in the relaxed excited state Fgx ~ Ws;) with
a large increase of quinoid contributions resulting in a large
dipole moment as shown in eq 6.

From our calculations on stilbenoid38it is known that the
change of the contributions @par and yq is linked with a

shortening and lengthening of single and double bonds, and the

magnitude of changes depends on the relative deacteptor
strength. DCS has a relatively weak doracceptor strength
AEpa,®® and the bond-length and photophysical changes from
FC* to E* are expected to be sizatf®eFor larger values of

J. Phys. Chem. A, Vol. 110, No. 1, 20061

SCHEME 2: Valence Bond Resonance Structures and
Definition of Twist Angles for DCB

N=C

TABLE 4: AM1 Calculations for the Electronic Transitions
of DMDCB at oo = 0° and at the Equilibrium Twist Angle a
= 45°

state AE (eV) f Cl analysis u (Debye)
a=0°

S 0 6.68

S 3.28 1.20 70% (5859) 15.2
12% (58-60)

S 3.83 0.0006 72% (5862) 8.93
10% (56-60)

S 4.33 0.0007 46% (5860) 16.3
16% (57-59)

S, 4.44 0.332 16% (5759) 15.7
12% (58-60)

S 4.75 0.006 40% (5%60) 18.8
6% (55-61)

o =45
S 0 5.57
S 3.61 1.08 68% (5859) 15.51
(exp: 3.2) 14% (5860)

S 4.19 0.0007 70% (5862) 8.86
6% (56-59)

S 4.43 0.0168 44% (5759) 10.07
32% (58-60)

S, 457 0.0004 48% (5559) 15.88
14% (58-61)

S 5.04 0.625 28% (5860) 18.51

7% (57-59)

AEpa, these changes become smaller and vanish at a certain

point, the so-called “cyanine-limi®®7-3 From the combination
of the results presented here with the above model we can

FC
Sy

Figure 4. Bond lengths of the optimized geometrical structure of the
ground state (and FranelCondon excited state) and the relaxed S
state of DCB. Large structural in-plane rearrangements occur in the
excited state relaxation.

therefore derive the bond length changes as a convenient param-
eter to quantify the relation of a given polyenic/polymethinic
dye with respect to the cyanine limit. Ab initio quantum
chemical calculations with optimization in the excited state have
indeed verified that acceptor-disturbed polyenes, i.e., models
for the visual chromophore retinal Schiff base, first relax by
bond length changes and only then by twisting of bonds in the
excited staté? It could be thought that this initial bond length
relaxation might yield a basis for the large changes of the wave
function between FC and relaxed ®ithin the model 1.

To obtain information on this, we performed the calculations
reported in Table 3 and Figure 4 with the aim to quantify the
wave function changes upon &laxation. Although there is a
considerable geometrical relaxation from the FC to the relaxed
excited state (Figure 4), the dipole moment does not increase
but decreases slightly (Table 3); i.e., a strong increase of the
dipole moment brought about by the relaxation is not supported
by these calculations.
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TABLE 5: Ground State Geometry and the Electronic Transition Characteristics [Dielectric Energy (eV), Heat of Formation
(eV), Dipole Moment (Debye), Electron Density on the Amino Nitrogen Atom, and Oscillator Strength] in Vacuum, Hexane and

Acetonitrile Calculated by AM1/COSMO

dielectric S S S
solvent eln energy (eV) AH: (eV)luo/gn AE (eV)ui/an/f AE (eV)uadagn/f

(a) DCS
vacuum 3.77/6.26/5.25 3.59/13.8/5.12/0.905 4.13/8.81/5.07/0.023
hexane 1.88/1.375 -0.21 3.56/6.83/5.26 3.53/14.2/5.12/0.883 4.07/9.48/5.08/0.021
acetonitrile 37.5/1.344 -0.71 3.19/7.97/5.27 3.51/15.6/5.11/0.884 4.03/10.7/5.06/0.019

(b) DCB
vacuum 4.38/6.84/5.25 3.39/16.9/5.15/1.221 4.14/9.48/5.05/0.001
hexane 1.88/1.375 -0.22 4.18/7.24/5.26 3.36/17.9/5.16/1.198 4.12/9.65/5.06/0.055
acetonitrile 37.5/1.344 -0.77 3.78/8.33/5.27 3.34/18.8/5.15/1.199 4.11/10.7/5.05/0.004

We also did some additional AM1 calculations to obtain some We can conclude that in the excited state, the electronic structure
information about the conformational effects introduced by the changes in a way that nearly equalizes the bond orders with
two-methyl substituents and on their effects on the absorption the results that all bonds possess similar rotational barriers. This
spectra. DCB is near to planar in the ground state, whereas theis consistent with the result of the excited state optimization
dimethylanilino moiety is twisted by about 251 DMDCB, (Figure 4) where double and single bonds nearly become
due to the sterical hindrance of thedamethyl groups. This equalized.
causes a slight blue shift of the spectra as shown below. The calculated energies and oscillator strengths and principal

The ground state rotational barriers show an alternation along configurations for the lowest five singlet transitions are calcu-
the bonds to u (for definition see Scheme 2) with very small lated for the relaxed ground state geometry and represent the
and very large barriers for essential single and double bonds.absorption spectrum. They are listed in Tables 3 and 4. The
This alternation is lost or even reversed in the excited state. experimental energies are only 8:8.4 eV overestimated by
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Figure 5. Plot of absorption maxima of DCB and DMDCB in various solvents [(1) ACN, (2) EOE, (3) EtOHn{#@xane, (5) BOB, (6)
1-chlorobutane, (7) THF, (8) dichloromethane, (9) 1,2-dichloroethane, (10) tetrachloromethane, (11) pyridine, (12) chlorobenzene] egsus (A) t
solvent polarizability given byr@-1)/(2n>+1); (B) the solvent polarity parametersf.
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AM1 and ZINDO, showing that both methods are similarly A (extreme quinoid geometry). For this rigid geometry, the
reliable in predicting absorption spectra, and the blue shift due dipole moment did not increase but even showed a slight
to the twist angle in DMDCB is correctly predicted. The main decrease to 14.3 D.
absorption band corresponds to an allowed transitionito S A further relaxation possibility is especially interesting. This
mainly involving the frontier orbitals. concerns the twisting of bonds, connected to the formation of
Table 5 shows the results of COSMO calculations including twisted intramolecular charge transfer (TICT) st@eSuch
the effect of the solvent into the calculation procedure of the states have been described in the literature of deaoceptor
wave function. These calculations therefore contain the polar- stilbenes6330n the other hand, our recent comparative study
izability response of the solute to the polarity of the solvent. of the photophysical properties of DCB and DMD&@Bhdicates
The results show that the dipole moment is already large in a that the radiative rate constant/transition dipole moment is not
vacuum and does not increase strongly by introducing a polar small as would be expected from an emissive TICT state.
solvent. The results are discussed in more detail below. Moreover, there was no reductionlefor the sterically hindered
Figure 5 shows a comparison of different solvatochromic compound DMDCB. Both these observations led to the conclu-
treatments for the absorption solvatochromy. It can be seen thatsion that an emissive TICT state is absent in DCB and DMDCB.
the solvatochromic shift of the absorption maxima does not Qur calculation in the gas ph&8éndicate, that a relaxation to
correlate well with the solvent polarity parameferbut that it a TICT state is not spontaneous (i.e., without barrier):if&
correlates much better with the solvent polarizabifify’) at details see section 4f). This behavior is parallel to that of related
least for the solvents where the refractive index changes strongly.donor-acceptor biphenyl derivativé$:43 Dimethylamino-
Such a behavior has also been observed for deacceptor  cyano-biphenyl does not form a TICT state in polar solvents,

stilbene by Rechthaler et &. this occurs only when sterical hindrance (similar to that in
. _ DMDCB) is introduced. The experimental evidence is then a
4. Discussion strong reduction of the radiative rate constaft (which is

absent for DMDCB). This experimental behavior is also
correctly reflected in qualitative terms: The excited state

2 indicate a very large difference between the FC and the relaxedlo_Otentials cha_tnge in p_o!ar solvents in a way that the unhindered
excited state dipole moment. The FC dipole moment seems t0b|phen_yl retains a minimum at _the_planar geometry, bu_t the
be anomalously small as compared to the dipole moment derived'oc_’t‘,amIal for the hlndereo_l derivative changes to a 5|_ngle
from fluorescence and calculated quantum chemically for the Minimum at 90, and the excited state energy for the equilibrium

FC geometry. Some of the possible factors involved have been98CMetTY is significantly larger. Such a behavior is not found
given by Rechthaler et & and are discussed below together for DMDCB;_"e" the solvation energy that decreases terS o
with some additional possible reasons. S; energy difference from the gas-phase value to acetonitrile

We want to emphasize that these points all assume the validityg%r D\?_B’ thist er!;e_rlgy Qiffertencftfe_ i_s 1t5t eY in tht?\ g"f‘rsl é’_?afet and
of model 1; i.e., the solute can be described as a point dipole in ™ eV in acetonitrile} is not sufficient to lower the state

a continuous surrounding with a certain polarizability generating below t_he. less polarSstate even for DMD.CB’ and therefore
a reaction field. the radiative rate constants are solvent independent for both

8
In the last section, we will discuss the consequences of modelcompound§. ) )
2 (breakdown of the Onsager assumptions). (d) Sobatochromic Fluorescence Shifts Induced by Changes

(a) Vectorial Character of the Dipole Momeiitis possible ~ Of the Relatie Size of the FC-Factors of the EmissiState.
that the dipole moments of ground and excited state are not The r_nlxed solvent experiment (Figure 3.) excludes that solvent
oriented in parallel but they could be oriented including an angle Pelarity dependent changes of the FC factors can enhance the
near to perpendicularity as discussed by Rechthaler’@Galr fluorescence solvatochromy as apparent source.
calculations on DCB and DMDCB do not support this inter- () Anomalously Large Polarizability of the EmissiState.
pretation. The dipole moments all point along the long molecular Polar solvents could enhance the dipole moment of the emissive
axis, and the angular change from ground to excited state is 4 state to an anomalously large degree. We tested this by

4.1. Discrepancy of the Absorption and Emission Sol-
vatochromy. The results of the dipole moment analysis in Table

or smaller. performing calculations in a solvent surrounding. We took
(b) Absorbing and Emitting States Diffdfhe main absorption ~ Zerner's“calculation on DMABN (using the ZINDO/S method)
transition could be to a state different from, $/here fluores- as a reference and compared to our calculation on DMABN

cence occurs. Then, the dipole moments derived from absorption(using the AM1/COSMO methd8); we found that the relative
and emission solvatochromy should of course differ. Our increase of the dipole moment from cyclohexane to acetonitrile

calculations show that;Ss allowed and is the only absorbing IS comparable (1518% with both methods). Table 5 shows
state in this region because iS 0.5 eV higher in energy, and  our results for DCS and DCB. It can be seen that in both cases

this explanation can likewise be ruled out. the allowed state is;Sand its dipole moment increases from

(c) Enhancement of the Dipole Moment through Excited State hexane to acetonitrile by 10% (DCS) and 5% (DCB) only.
Relaxation.lt could be envisaged that the structural changes Moreover, increased solvent polarity slightly decreases the
occurring during the excited state relaxation enhance the valueoscillator strength. These results show that excited state polar-
of the dipole moment considerably. A possible relaxation izability effects are even weaker here than in the well-studied
pathway is the shortening of double bonds and the lengtheningcase of DMABNZ2
of single bonds, together with a quinoid distortion of the benzene  (f) Ground State Structural Polarizability further possibility
rings. We tested this possibility by excited state optimization can be envisaged in ground state structural polarizability effects.
(Table 3) and found that the bond length changes calculated doAs Table 4 shows for DMDCB, the more twisted geometry at
not lead to a significant increase of the excited state dipole a = 45° shifts the absorption spectrum to the blue. If polar
moment. To enhance the quinoid character, we even shortenedsolvents induce a more twisted geometry (which can be called
the central bonds of benzene to 1.35 A and lengthened thea structural polarizability), then the absorption red shift deriving
adjacent bonds of the excited state optimized geometry to 1.45from the solvatochromy of the highly polan State will be
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partially or fully compensated by the blue shift due to the effects needs additional investigations including many more
structural polarizability. This factor would allow us to under- model compounds.

stand the observed absence of absorption solvatochromy as an

artifact resulting from compensation of opposing effects. In fact, 5. Conclusion

the blue shift induced in DMDCB by 45twist (0.33 eV) is
more than sufficient to compensate the red shift of absorption
from hexane to acetonitrile (0.2 eV) estimated on the basis of
the calculated FC dipole moment. On the other hand, this
explanation is not likely here, because the ground state dipole
moment decreases with increasing twist angle (Table 4), and

The solvatochromic behavior of the absorption and emission
of a donor-acceptor diphenylpolyene is compared to the
behavior of other diphenylpolyenes and to a series of styrenes.
Whereas the diphenylpolyenes have an abnormal behavior where
the absorption solvatochromy is nearly absent but that of the
. fluorescence is large, this is not the case for the styrenes. For
more p_olar solvents should therefore_ lead to a preferential the diphenylpolyenes, the observed dipole moments for FC and
population of the more planar geometries. equilibrated $ states differ strongly. This cannot be explained

Summarizing the various points discussed within the assump-on the basis of the quantum-chemically derived excited state
tions of model 1, we can conclude that neither of the points properties including polarizability effects and neither by the

considered allows us to understand the observation of a verysplvatochromic equations based on the Onsager theory.
small solvatochromic slope in absorption and a very large

solvatochromic slope in emission for the molecules considered.  Supporting Information Available: Comparison of the

(g) Local Solute-Sobent Interactions and Breakdown of the  solvatochromic slopes for absorption and emission and the
Onsager Point-Dipole Approximatiofinally, we will discuss derived experimental dipole moments for many members of the
model 2 and assume the breakdown of the Onsager assumptionstyrene, stilbene and larger diphenylpolyene families.This
and therefore egs 3 and 4. In this model, a very extended dipolarmaterial is available free of charge via the Internet at http://
molecule possessing strongly polar local sites (e.g., partially pubs.acs.org.
charged end groups) could interact locally with the surrounding
polar solvent molecules and by this way optimize the setute References and Notes
solvgnt interaption beyond the value determined by Fhe WaVve (1) |ippert, E.Ber. Bunsen-Ges. Phys. Cheb957 61, 962.
function that is perturbed only by the Onsager reaction field. (2) Lippert, E.; Lider, W.: Moll, F.Spectrochim. Acta959 10, 858.
This will then lead, in polar solvents, to solute dipole moments (3) Amatatsu, YChem. Phys. Letl999 314 364; THEOCHEM1999
that are larger than expected from the Onsager model and alsd*6% 311.
from the COSMO calculations, which assume a continuum ggg Eae;tc')%y\;\gé,MRa_J;erézz’e\gﬁtz‘mk_?m;'e';]‘;fﬂv?ﬁgngﬁg?ﬁ; Gilabert,
solvent. This is equivalent to postulate a solute polarizability E.; Rullizre, C.J. Phys. Chem1992 96, 9643.
that is much larger than that found from the calculations in Table (6) Rettig, W.; Majenz, W.; Herter, R.; ltard, J. F.; Lapouyade, R.

5. Then the basis for the explanation of the strongly different Pure Appl. Chem1993,65, 1699.

: ; . A 7) Viallet, J.-M.; Dupuy, F.; L de, R.; RuliEg C.Chem. Phys.
solvatochromic slopes in absorption and emission is given by Lett_(l)ggfzgz 571. upuy apouyade uieE em- P

the local solute-solvent effects, which can only be effective (8) Abraham, E.; Oberle, J.; Jonusauskas, G.; Lapouyade, R. Ryllie
on the time scale of the solvent structural relaxation, but not C. Chem. Phys1997,214, 409. o
yet on the time scale of the absorption. (9) Abraham, E.; Oberle, J.; Jonusauskas, G.; Lapouyade, R.; reullie

. . C. J. Photochem. Photobiol. A: Cherh997 105 101.
Table 6 and Scheme 4 (see Supporting Information) show  (10) Ilichev, Y. V.; Kthnle, W.; Zachariasse, K. Ahem. Phys1996
the comparison of the solvatochromic slopes for absorption and 211, 441.

emission and the derived experimental dipole moments for many chlréé dﬂ‘*%ﬁg‘r;gbws T%TQS@GTQ‘;S&S%%WMZE“ D.; \toinger, P.;

mem_bers of the styrene, stilbene, and Iarg(_ar diphenylpolyene (12) Rechthaler, K.; Kbler, G.Chem. Phys. LettL99§ 250, 152.
families. The analysis uses the two basic solvatochromic  (13) Kovalenko, S. A.; Schanz, R.; Senyushkina, T. A.; Emsting, N. P.
equations in a way that does not necessitate the use of ground®hys. Chem. Chem. Phyz002 4, 703.
state dipole moments from other sources. Purely experimental (14) Pines, D.; Pines, E.; Rettig, W. Phys. Chem. 2003 107, 236.

. . . (15) Valeur, B.Molecular Fluorescence: Principles and Applications
ground and excited state dipole moments can then be derivedyyjiey\/CH: Weinheim, 2002.
and compared to the calculated ground state dipole moment. (16) Fromherz, P.; Dambacher, K. H.; Ephardt, H.; Lambacher, A;
As can be seen in Table 6, the anomalous effect consists mainlyMdller, C. O.; Neigl, R.; Schaden, H.; Schenk, O.; VetterBeér. Bunsen-

. . . Ges. Phys. Cheni991, 95, 1333.
in the underrating of the experimental versus the calculated (17) Rettig, W.: Lapouyade, R. fopics in Fluorescence Spectroscopy,

dipole moment of the ground state. In this Comparisof‘ the groupsprobe Design and Chemical Sensitgikowicz, J. R. Ed.; Plenum Press:
of styrenes and the group of larger molecules (stilbenes andNew York, 1994; p 109.

iohenvioolven have differentlv. In th rene ar (18) Rettig, W.; Rurack, K.; Sczepan, M. New Trends in Fluorescence
dFl) el y%O yenes) beda e d" erently . the S'[I)/i e g W?qp’ Spectrocopy. Applications to Chemical and Life Scienadéseur, B.,
calculated corresponds well tog experimental, but in the Brochon, J. C., Eds.; Springer Verlag: Berlin, 2001; p 125.

stilbenes and higher polyeneg,experimental is much smaller (19) Bernardi, F.; Olivucci, M.; Robb, M. Al. Photochem. Photobiol.
thanug calculated. We think that this effect is not linked to the A: Chem.1997,105 365. Celani, P.; Bernardi, F.; Olivucci, M. Robb, M.

i divi it A.; J. Chem. Phys1995 102 5733.
individual nature of the acceptor, because nitriles behave (20) Waldeck. D. H.Chem. Re. 1991 91, 415. Saltiel, J.: Sun, Y.-P,

similarly as nitro and ester compounds and even (dimethyl- |5 photochromism-molecules and systemsirr, H., Bouas-Laurent, H.,
amino)stilbene (DS) without additional acceptor substituent is Eds.; Elsevier: Amsterdam, 1990; p 64.
anomalous. Therefore the extended delocalization is suggested h(%l)hM'C_hlt' va _IBonilm-K%Jtefki’,g\g/b l(Electrolmc afSpectS Oft ﬁrgangc
-2 photochemistryWiley: New YOrK, see also rererences therein).

to be the soqrce of the anomaly. .In the ‘.’er)’ large .SYStemS’ it (22) Grabowski, Z. R.; Rotkiewicz, K.; Rettig, WChem. Re. 2003
may be possible that the electronic density is polarized by the 103 3899.
polar solvent beyond the value expected from Onsager theory, (23) Ganer, H.Ber. Bunsen-Ges. Phys. Cheh998 102, 726.
because the charge distribution is so extended that the Onsager ggg gﬁmeh |'_'|' éUhn' AH-JJ- ﬁdﬁ- Phgaocn'fgn;gggg %%4}1-

. . K . . . . . ruen, H.; Gmer, H.J. Phys. e , .
point dipole apprOX|mat|on is no Iongfer valld: The polarization (26) Lapouyade, R.. Kuhn, A.: ltard, J-F . Rettig, WChem. Phys.
may also be increased by local interactions between the et 1993 208 48.

substituents and the solvent. A deeper understanding of these (27) Farztdinov, V. M.; Ernsting, N. RChem. Phys2002 277, 257.



Solvatochromism of DonerAcceptor-Polyenes J. Phys. Chem. A, Vol. 110, No. 1, 20065

(28) El-Gezawy, H.; Rettig, W.; Lapouyade, Rhem. Phys. Lett. (36) Mataga, N.; Kaifu, Y.; Koizumi, MBull. Chem. Soc. Jpri956
2005,401, 140. 29, 465.

(29) Onsager, LJ. Am. Chem. Sod.936 58, 1486. (37) Dekhtyar, M.; Rettig,WPhys. Chem. Chem. PhyZ001, 3, 1602.

(30) 4-(Dimethylamino)-4cyano-1,4-diphenylbutadiene (DCB) was (38) Rettig, W.; Dekhtyar, MChem. Phys2003 293 75.
known previously: Dulcic, A.; Flytzanis, C.; Tang, C. L.; Pepin, D.tifen, (39) AEpa is the energy difference between the MOs of the isolated
M.; Houpilliard, Y. J. Chem. Phys1981 74, 1559. 4-(Dimethylamino)- individual donor and acceptor moieties contained within the molecule; see
2,6-dimethyl-4-cyano-1,4-diphenylbutadiene (DMDCB) has been synthe- ref 38.
sized, along the same method, by a Wittig reactiorpefdimethylamino)- (40) Garavelli, M.; Vreven, T.; Celani, P.; Bernardi, F.; Robb, M. A ;
benzyl]triphenylphosphonium iodide; with & N-dimethylamino)-2,6- Olivucci, M. J. Am. Chem. S0d.998 120, 1285.
dimethylcinnamaldehyde prepared fromMN-.imethylamino)-2,6-dimethyl- (41) Maus, M.; Rettig, W.; Bonafoux, D.; Lapouyade, RPhys. Chem.
benzaldehyde according to: Bredereck, H.; Simchen, G.; Griebenow, W. A 1999 103 3388.
Chem. Ber1973 106, 3732. Spangler, Ch. W.; McCoy, R. Bynth. Comm. (42) Rettig, W.; Maus, M.; Lapouyade, Rer. Bunsen-Ges. Phys. Chem.
1988,18, 51. 1996 100, 2091.

(31) Kopf, U.; Heinze, JAnal. Chem1984 56, 1931. (43) Maus, M.; Rettig, W.; Jonusauskas, G.; Lapouyade, R.; Rellie

(32) AMPAC 6.0 and AMPAC 6.55, Semichem, Inc., Shawnee, 1997. C.J. Phys.Chem. A998 102 7393.

(33) Amatatsu, Y Chem. Phys2001, 274, 87. (44) Broo, A.; Zerner, M. CTheo. Chim. Actal995 90, 383.

(34) Liptay, W.Z. Naturforsch 1965 20a 1441. (45) Klamt, A.; Schiirmann, G.J. Chem. Soc., Perkin Trans 2993

(35) Lippert, E.Z. Naturforsch.1955 10a 541. 2, 799.



